The intrauterine milieu is a complex mixture of substances originating from serum and endometrium that support blastocyst growth and development. The present study identified alterations in glucose and amino acids in response to an early rise in progesterone (P4), which accelerates blastocyst growth and development. Bred ewes received daily injections of either corn oil (CO) vehicle or P4 from 36 h postmating (Day 0) to either Day 9 or Day 12. Another group of ewes received P4 to Day 8 and the antiprogestin mifepristone (RU486) from Day 8 to Day 12. The total amount of glucose, aspartate (acidic amino acid), arginine and lysine (basic amino acids), and citrulline, asparagine, serine, glutamine, beta-alanine, and alanine (neutral amino acids) was greater in uterine flushings from early P4-than COtreated ewes on Day 9. On Day 12, only arginine and lysine were higher in uterine flushings from P4-treated ewes, whereas citrulline was reduced. Glucose transporters, SLC2A1 and SLC5A1, were increased in uterine luminal (LE) and superficial glandular (sGE) epithelia of early P4-treated ewes on Days 9 and 12 but were reduced in endometria from ewes treated with both P4 and RU486 (P4+RU). SLC7A2B, a transporter of basic amino acids, increased in LE/sGE of P4-versus CO-treated ewes on Day 12 but was reduced in P4+RU-treated ewes. Thus, select nutrients are increased in the uterine lumen by P4 concomitant with the upregulation of epithelial transporters for glucose and basic amino acids, suggesting that these nutrients stimulate blastocyst growth and development.
INTRODUCTION
Conceptus (embryo and associated extraembryonic membranes) growth and development is dependent on secretions of the uterus, termed histotroph [1] . Histotroph includes hormones, growth factors, enzymes, transport proteins, ions, lipids, glucose, and amino acids. In sheep, uterine secretions from the luminal (LE), superficial glandular (sGE), and glandular (GE) epithelia are required for blastocyst elongation and maintenance of pregnancy [2, 3] and are regulated by the actions of steroid hormones, primarily progesterone (P4), on the uterine endometrium [4, 5] . A delayed rise in circulating P4 following metestrus is associated with retarded conceptus development and reduced secretion of interferon tau (IFNT) on Day 17 in cattle [6, 7] . IFNT is the pregnancy-recognition signal in ruminants, and its secretion is directly correlated with conceptus development [8, 9] . Interestingly, administration of early exogenous P4, immediately after mating, advances conceptus development and IFNT secretion in both sheep and cattle [10] [11] [12] [13] . Advanced conceptus development is also associated with increased quantities of secreted proteins from the uterine endometrium, such as galectin 15 (LGALS15), cathepsin L (CTSL), gastrin-releasing protein (GRP), and insulin-like growth factor-binding protein 1 (IGFBP1) [13] [14] [15] . Furthermore, P4 decreases tight junction-associated proteins in ovine uterine LE during the period of blastocyst elongation, which likely permits an increase in paracellular trafficking of stromal and serum-derived molecules, such as amino acids and glucose, into the uterine lumen [16] .
Glucose and glutamine are major energy sources for conceptuses during development. These nutrients can regulate trophoblast cell proliferation and function through the glutamine fructose-6-phosphate amidotransferase (GFAT)-mediated mechanistic target of rapamycin (MTOR, formerly FRAP1) signaling pathway [17] . In addition, arginine, glutamine, and leucine may modulate trophectoderm differentiation directly through MTOR-dependent cell signaling pathways [18, 19] . Transport of glucose across the plasma membrane can be mediated by one or more members of two distinct families of glucose transporters: facilitative transporters (solute carrier SLC2A; common name, GLUT) and sodiumdependent transporters (sodium/glucose cotransporter SLC5A; common name, SGLT) [20] . Facilitative glucose transporters are present in developing conceptuses, and 13 family members (SLC2A1 to SLC2A12 and the H þ -coupled myo-inositoltransporter, SLC2A13) have been reported [21] . The solute carrier family 2 (facilitated glucose transporter) member 1 (SLC2A1) may be important for transporting glucose into uteri and conceptuses of both the mouse and sheep [22, 23] . The sodium-dependent glucose transporter SLC5A1 was also detected at high levels in the uterine epithelia of sheep. In sheep, SLC2A1 is induced by P4 and stimulated by IFNT, whereas SLC5A1 is regulated by P4 alone [23] . It is noteworthy that SGLTs transport glucose against electrochemical gradients, which likely is important for transport of glucose across the endometrium and into the uterine lumen [24] , as evidenced by a nearly threefold increase in glucose in the uterine lumen from Day 13 to Day 16 of pregnancy in the sheep [25] .
Transport of amino acids into and out of cells is mediated by members of the solute carrier family (SLC) of molecules, which are classified into different system subsets based on similar transport properties [26, 27] . Transport of basic amino acids, such as arginine and lysine, across the plasma membrane is mediated predominantly by a family of cationic amino acid transporters (SLC7A1 to SLC7A4), although arginine and lysine are also transported by y þ L, b8 ,þ , and B8 ,þ systems [28] . SLC7A2B, generated by differential splicing of SLC7A2 mRNA, is a high-affinity basic amino acid transporter [28, 29] detected in the uterine LE and, to a lesser extent, in the GE and stroma during the estrous cycle and early pregnancy of sheep and is regulated by P4 [30] . SLC7A3 was also detected at low levels in the LE, GE, and stroma of the ovine endometrium during the estrous cycle and early pregnancy, but it was not regulated hormonally or by pregnancy status [30] . The basic amino acid arginine is considered to play an important role in conceptus growth and development [18, 31] .
Although much is known concerning the utilization and/or metabolism of specific nutrients, such as glucose and amino acids, by embryos before hatching from the zona pellucida [32] [33] [34] [35] [36] [37] , the impact of select nutrients on development of hatched blastocysts is limited, and this is especially true for species in which hatched blastocysts must undergo extensive elongation before implantation. Therefore, we recently reported changes in quantities of glucose, ions, and amino acids in uterine flushings from cyclic ewes during the estrous cycle compared to changes during the peri-implantation period of pregnancy [25] . We further elucidated regulation of expression of mRNAs encoding transporters of select nutrients by P4 and IFNT using an ovariectomized nonpregnant ewe model for studying effects of hormone replacement [23, 30] . The objective of the present study was to determine whether accelerated conceptus development achieved by early exposure of the endometrium to P4 was associated with advancing expression of transporters for select nutrients that may support accelerated conceptus development.
The present study, using a model of early P4-induced accelerated blastocyst development, tested two hypotheses: first, that blastocyst growth and development is associated with increased glucose and amino acids in histotroph, and second, that early P4 increases nutrient substrates by modulating expression of specific transporters in the endometrium.
MATERIALS AND METHODS

Animals
Mature Suffolk-type ewes (Ovis aries) were observed for estrus (designated as Day 0) in the presence of a vasectomized ram and used in experiments only after exhibiting at least two estrous cycles of normal duration (16-18 days Experimental Design Study 1. Ewes were mated at estrus to intact Suffolk rams and then assigned randomly to receive daily i.m. injections from Day 1.5 to Day 9 of either corn oil (CO) vehicle (n ¼ 6) or 25 mg of P4 (n ¼ 6; Sigma Chemical Co.) as described previously [13] . On Day 9, uteri were flushed with 20 ml of sterile, 10 mM Tris (pH 7.2). The volume of the uterine flush was recorded, clarified by centrifugation (3000 3 g for 30 min at 48C), aliquoted, and frozen at À808C. Study 2. Ewes were mated at estrus to intact Suffolk rams and assigned randomly to receive daily i.m. injections of either CO vehicle from Day 1.5 to Day 12 (n ¼ 6) or 25 mg of P4 from Day 1.5 to Day 12 (n ¼ 6). On Day 12, uteri were flushed with 20 ml of sterile, 10 mM Tris (pH 7.2). Uterine flushings were processed as described for study 1. A maternal blood sample was collected by venipuncture of the jugular vein on Day 12 and serum collected immediately after centrifugation and stored at À208C for subsequent analysis of amino acids. Study 3. Ewes were mated at estrus to intact Suffolk rams and then assigned randomly to receive daily i.m. injections from Day 1.5 to Day 9 of either CO vehicle (n ¼ 6) or 25 mg of P4 (n ¼ 6) as described previously [13] . All ewes were hysterectomized on Day 9. Uteri were flushed with 20 ml of sterile Dulbecco modified Eagle medium/Ham F-12 (pH 7.2) to obtain blastocysts. Sections (thickness, ;0.5 cm) from the midportion of each uterine horn ipsilateral to the corpus luteum were fixed in fresh 4% paraformaldehyde in PBS (pH 7.2). After 24 h, fixed tissues were changed to 70% ethanol for 24 h, dehydrated through a graded series of alcohol to xylene, and then embedded in Paraplast-Plus (Oxford Labware). The remaining endometrium was physically dissected from myometrium, frozen in liquid nitrogen, and stored at À808C. In monovulatory pregnant ewes, uterine tissue samples were marked as either contralateral or ipsilateral to the ovary bearing the corpus luteum. No tissues from the contralateral uterine horn were used for further analysis. Study 4. As described previously [13] , ewes were mated at estrus to intact Suffolk rams and assigned randomly to receive daily i.m. injections of either CO vehicle from Day 1.5 to Day 12 (n ¼ 8), 25 mg of P4 from Day 1.5 to Day 12 (n ¼ 7), or 25 mg of P4 from Day 1.5 to Day 8 and 75 mg of mifepristone (RU486; Sigma), an antiprogestin, from Day 8 to Day 12 (P4þRU; n ¼ 5). All ewes were hysterectomized on Day 12, and the uteri and flushings were processed as described for study 3.
Analyses of Glucose and Amino Acids in Ovine Uterine Lumenal Fluid and Maternal Serum
Uterine flushings (0.5 ml) and maternal serum were deproteinized with an equal volume of 1.5 M HClO 4 , followed by addition of 0.25 ml of 2 M K 2 CO 3 . The extract was then analyzed for glucose using a fluorometric method involving hexokinase and glucose-6-phosphate dehydrogenase as described previously [38] . Amino acids in the extract were determined by fluorometric HPLC methods involving precolumn derivatization with o-phthaldialdehyde as described previously [39] . The integration of chromatographic peaks was performed using Millenium-32 Software (Waters).
RNA Isolation
Total cellular RNA was isolated from frozen ipsilateral endometrium (studies 3 and 4) using Trizol reagent (Gibco-BRL) according to the manufacturer's instructions. The quantity and quality of total RNA was determined by spectrometry and denaturing agarose gel electrophoresis, respectively.
Cloning of Partial cDNAs for Ovine SLC2A1, SLC5A1, SLC7A2B, and SLC7A3
Partial cDNAs for ovine SLC2A1, SLC5A1, SLC7A2B, and SLC7A3 mRNAs were amplified by RT-PCR of total RNA from ovine endometria on Day 20 of pregnancy using primer sequences and PCR amplification parameters that have been described previously [23, 30] . Partial ovine SLC2A1, SLC5A1, SLC7A2B, and SLC7A3 cDNAs were cloned into pCRII using a T/A Cloning Kit (Invitrogen) and their sequences determined using an ABI PRISM Dye Terminator Cycle Sequencing Kit and ABI PRISM automated DNA sequencer (Perkin-Elmer Applied Biosystems).
Slot Blot Hybridization Analysis
Steady-state levels of SLC2A1, SLC5A1, SLC7A2B, and SLC7A3 mRNAs in endometria were assessed by slot blot hybridization as described previously [40] . Briefly, radiolabeled antisense cRNA probes [23, 30] were generated by in vitro transcription using linearized plasmid templates containing partial cDNAs, RNA polymerases, and [a-32 P] uridine triphosphate (UTP). Denatured total endometrial RNA (10 lg) from each ewe in studies 3 and 4 was hybridized with radiolabeled cRNA probes. To correct for variation in total RNA loading, a duplicate RNA slot blot membrane was hybridized with radiolabeled antisense 18S cRNA (pT718S; Ambion). Following washing, the blots were digested with ribonuclease A, and radioactivity associated with slots was quantified using a Typhoon 8600 MultiImager (Molecular Dynamics). Data are expressed as relative units.
In Situ Hybridization Analysis
Cell-specific localization of SLC2A1, SLC5A1, and SLC7A2B mRNAs in ovine uteri was determined using radioactive in situ hybridization analysis as described previously [40] . Radiolabeled antisense and sense cRNA probes were generated by in vitro transcription using linearized partial ovine cDNAs [ S]UTP. Deparaffinized, rehydrated, and deproteinated uterine tissue sections were hybridized with radiolabeled antisense or sense cRNA probes. After hybridization, washing, and ribonuclease A digestion, slides were dipped in NTB-2 liquid photographic emulsion (Kodak) and exposed at 48C for 5 and 45 days as determined by the relative intensity of the radioactive signal of slides placed on MR Kodak film for 16 h. Greater intensity of the radioactive signal on film resulted with shorter exposure to the emulsion. All slides for each respective gene were exposed to photographic emulsion for the same period of time. Slides were developed in Kodak D-19 developer, counterstained with Gill hematoxylin (Fisher Scientific), and dehydrated through a graded series of alcohol to xylene, after which coverslips were affixed with Permount (Fisher). Images of representative fields were recorded under brightfield or darkfield illumination using a Nikon Eclipse 1000 photomicroscope fitted with a Nikon DXM1200 digital camera.
Immunohistochemistry
Immunocytochemical localization of SLC2A1 and SLC5A1 proteins in ovine uteri was performed as described previously [23] . Proteins were localized using either a rabbit anti-rat SLC2A1 (catalog no. ab14683; Abcam, Inc.) or a rabbit anti-SLC5A1 (catalog no. ab14685; Abcam, Inc.) at final concentrations of 1 and 2 lg/ml, respectively. Negative controls for these antibodies included substitution of the primary antibody with nonimmune rabbit IgG (Sigma). A Vectastain ABC anti-rabbit kit (Vector Laboratories) was used for detection of all proteins following antigen retrieval with boiling citrate buffer as described previously [43] . Immunoreactive protein was visualized using diaminobenzidine tetrahydrochloride (Sigma) as the chromagen. Sections were dehydrated and coverslips affixed with Permount (Fisher).
Photomicroscopy
Images of representative fields of in situ hybridization (brightfield or darkfield illumination) and of immunohistochemistry (brightfield illumination) were recorded using a Nikon Eclipse E1000 photomicroscope fitted with a Nikon DXM 1200 digital camera. Figures were assembled using Adobe Photoshop 7.0.
Statistical Analyses
The total recoverable amount of each nutrient was calculated by multiplying concentrations in the uterine flushing determined by HPLC analyses with the total volume of uterine flushing recovered. Data were analyzed by ANOVA using the General Liner Models procedures of the Statistical Analysis System (SAS Institute, Inc.). Values of P 0.05 were taken to indicate statistical significance, whereas values of P 0.10 were taken to indicate a tendency for an effect of treatment. Data are presented as leastsquares means (LSM) and their SEM.
Data from slot blot hybridization analyses were subjected to least-squares analysis of variance using the General Linear Models procedures of the Statistical Analysis System and were corrected for differences in sample loading using the 18S rRNA data as a covariate. In all analyses, error terms used in tests of significance were identified according to the expectation of the mean squares for error. Treatment effects were determined by probability differences of LSM. HPLC analyses of glucose and amino acids are presented as total recoverable amounts in nanomoles (mean 6 SEM). Slot blot data are presented as LSM with overall SEM.
RESULTS
Effects of P4 Treatment on Blastocyst Growth and Development
We previously reported that exogenous injections of P4 beginning on Day 1.5 postmating increased blastocyst diameter 2.2-fold on Day 9 (282 6 64 vs. 636 6 64 lm) and accelerated the morphological transformation of spherical blastocysts into filamentous conceptuses on Day 12 [13] . In contrast, no blastocysts were recovered from Day 12 ewes receiving P4þRU treatment.
Glucose and Amino Acids in Uterine Flushings (Studies 1 and 2)
In study 1 (Table 1) , total recoverable glucose tended to be higher (P , 0.07) in uterine flushings from P4-compared to CO-treated ewes on Day 9. Total recoverable aspartic acid, an acidic amino acid, tended to be increased twofold (P , 0.07) in uterine flushings from P4-compared to CO-treated ewes on Day 9. A number of neutral amino acids, including asparagine, 
a P , 0.10. b P , 0.05.
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serine, and alanine, were increased (P , 0.05) in uterine flushings from P4-versus CO-treated ewes on Day 9, whereas glutamine and beta-alanine tended to increase (P , 0.10) in uterine flushings from P4-versus CO-treated ewes on Day 9. The large neutral amino acid citrulline tended to be increased twofold (P , 0.09) in uterine flushings from P4-compared to CO-treated ewes on Day 9. Recoverable amounts of the basic amino acids arginine (P , 0.03) and lysine (P , 0.08) increased approximately threefold in uterine flushings from P4-compared to CO-treated ewes on Day 9. Total recoverable glutamic acid, histidine, glycine, threonine, taurine, tyrosine, tryptophan, methionine, valine, phenylalanine, isoleucine, leucine, ornathine, cysteine, and proline were not different (P . 0.10) in uterine flushings on Day 9. In study 2 (Table 2) , total recoverable glucose was not different (P . 0.10) in uterine flushings from CO-and P4-treated ewes on Day 12. Total citrulline tended to be lower (P , 0.10) in uterine flushings from P4-compared to CO-treated ewes on Day 12. In contrast, total arginine and total lysine were greater (P , 0.02 and P , 0.005, respectively) in uterine flushings from P4-versus CO-treated ewes on Day 12. Total recoverable aspartic acid, glutamic acid, asparagine, serine, glutamine, histidine, glycine, threonine, beta-alanine, taurine, alanine, tyrosine, tryptophan, methionine, valine, phenylalanine, isoleucine, leucine, ornatine, cysteine, and proline were not different (P . 0.10) in uterine flushings on Day 12. Concentrations of all amino acids in serum from maternal jugular vein blood were similar (P . 0.10) between CO-and P4-treated ewes on Day 12 (Supplemental Table S1 available online at www.biolreprod.org).
SLC2A1 and SLC5A1 mRNA in the Ovine Endometrium (Studies 3 and 4)
Steady-state levels of SLC2A1 and SLC5A1 mRNAs were assessed by slot blot hybridization in endometria of ewes from studies 3 and 4 ( Fig. 1, A and B) . SLC2A1 mRNA levels increased 1.6-fold (P , 0.05) in endometria from P4-FIG. 1. Effects of treatment of ewes with CO, P4, or P4þRU on endometrial SLC2A1 and SLC5A1 mRNAs. A and B) Steady-state levels of SLC2A1 and SLC5A1 mRNAs in endometria from Day 9 (study 3) and Day 12 (study 4) ewes were determined by slot blot analysis. Endometrial SLC2A1 and SLC5A1 mRNA levels were higher (*P , 0.05) in P4-than CO-treated ewes on both Days 9 and 12. Endometria from P4þRU-treated ewes contained less (**P , 0.0002) SLC2A1 and SLC5A1 mRNAs than ewes treated with P4 alone on Day 12. C) Results of in situ hybridization analysis for localization of SLC2A1 and SLC5A1 mRNAs in endometria of ewes on Day 9 (study 3) and Day 12 (study 4) of pregnancy. All representative photomicrographs are shown at the same width of field (280 lm).
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compared to CO-treated ewes on Day 9 and were 2.3-fold higher (P , 0.02) in endometria from P4-than CO-treated ewes on Day 12. SLC2A1 mRNA levels were 15.6-fold lower (P4 vs. P4þRU; P , 0.0001) in endometria of P4þRU-treated ewes compared to P4-treated ewes. SLC5A1 mRNA levels were 4.7-fold higher (P , 0.04) in endometria of P4-versus CO-treated ewes on Day 9 and 1.8-fold higher (P , 0.02) in endometria of P4-compared to CO-treated ewes on Day 12. SLC5A1 mRNA abundance was 13.6-fold lower (P4 vs. P4þRU; P , 0.0002) in endometria of P4þRU-compared to P4-treated ewes. In situ hybridization analyses found that SLC2A1 and SLC5A1 mRNAs were predominantly present in the uterine LE/sGE and, to a lesser extent, GE (Fig. 1C) . However, epithelial expression of SLC2A1 and SLC5A1 mRNAs was ablated in endometria from P4þRU-treated ewes.
Immunoreactive SLC2A1 and SLC5A1 in the Ovine Endometrium (Studies 3 and 4)
Immunoreactive SLC2A1 and SLC5A1 proteins were detected by immunocytochemistry in ovine endometria from studies 3 and 4 in concordance with their respective mRNAs (Fig. 2) . Immunoreactive SLC2A1 was detected at low levels in endometrial LE/sGE of CO-treated ewes, but increased in endometria from P4-treated ewes, on Day 9. SLC2A1 was abundant in LE of CO-and P4-treated ewes on Day 12 but reduced in LE of P4þRU-treated ewes. Immunoreactive SLC5A1 was detected in LE/sGE and stroma of CO-and P4-treated ewes on Day 9 and was more abundant in LE/sGE of P4-compared to CO-treated ewes on Day 12. Furthermore, SLC5A1 protein was reduced in LE/sGE but not stroma from P4þRU-treated ewes as compared to P4-treated ewes.
SLC7A2B and SLC7A3 mRNA in the Ovine Endometrium (Studies 3 and 4)
Steady-state levels of SLC7A2B and SLC7A3 mRNA in endometria of ewes from studies 3 and 4 were assessed by slot blot hybridization. SLC7A2B mRNA was detected at low levels and was not different (P . 0.10) in endometria from CO-and P4-treated ewes on Day 9 (Fig. 3A) . In contrast, SLC7A2B mRNA levels were higher (P ¼ 0.05) in endometria of P4-versus CO-treated ewes on Day 12. SLC7A2B mRNA levels were 5.4-fold (P , 0.005) lower in P4þRU-treated compared to P4-treated ewes on Day 12. SLC7A3 mRNA was not detected by slot blot hybridization in endometria of CO-, P4-, or P4þRU-treated ewes on either Day 9 or Day 12 (data not shown). In situ hybridization localized SLC7A2B mRNA to LE/sGE, GE, and stroma of ovine endometria. SLC7A2B mRNA was most visible in the uterine LE/sGE of P4-treated ewes on Day 12 (Fig. 3B) .
DISCUSSION
Results of the present study indicate that early P4 resulted in 1) increased quantities of aspartic acid, asparagine, serine, glutamine, citrulline, arginine, beta-alanine, alanine, and lysine in the uterine lumen on Day 9; 2) increased arginine and lysine, but decreased citrulline, in the uterine lumen on Day 12; 3) increased glucose in the uterine lumen on Day 9; 4) increased abundance of both a facilitative glucose transporter (SLC2A1) and a sodium-dependent (SLC5A1); and 5) increased expression of a cationic amino acid transporter (SLC7A2B) that likely accounts for greater amounts of arginine and lysine in uterine flushings on Day 12 in early P4-treated ewes.
Administration of early P4 increases mean blastocyst diameter 2.2-fold on Day 9 and accelerates the morphological transformation of a spherical blastocyst to a filamentous conceptus by Day 12 concomitant with increased secretion of IFNT [13] . Furthermore, a reduction in tight junctionassociated proteins occurs in endometrial LE of P4-treated ewes on both Day 9 and Day 12 versus the respective controls [16] , which is presumed to allow increased paracellular trafficking of serum-and/or stromal-derived molecules into and out of the uterine lumen. Of interest in the present study was the finding that recoverable glucose increased in the uterine lumen of early P4-treated ewes on Day 9 coincident with early P4-induction of SLC2A1 and SLC5A1 in the LE/ sGE. Because glucose is a known energy source for ovine embryos [44] , an increase in its availability could, in part, mediate enhanced blastocyst development at this time. Consistent with results reported by Gao et al. [25] , recoverable   FIG. 2 . Effects of CO, P4, or P4þRU on localization of SLC2A1 and SLC5A1 proteins in endometria from ewes on Day 9 (study 3) and Day 12 (study 4) of pregnancy. Immunoreactive proteins were detected using specific rabbit antibodies against SLC2A1 and SLC5A1 proteins. For the IgG control, normal rabbit IgG was substituted for the primary antibody. All representative photomicrographs are shown at the same width of field (280 lm).
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glucose in uterine flushings increased with advancing day of gestation such that values on Day 12 were 4-8 fold higher than those on Day 9 of pregnancy in the present study. Glucose likely provides energy substrate to support the process of trophoblast elongation as well as development of the embryo proper. Indeed, total catabolic turnover of glucose by ovine conceptuses is low on Day 13, increases to peak levels by Day 17, and then decreases by Day 19 [45] . Interestingly, in both ewes and pigs, glucose is not transported into the uterine lumen at appreciable levels during the estrous cycle, indicating that the presence of a conceptus participates in mediating enhanced glucose transport during pregnancy in these species [25, 46] . In the present study, recoverable glucose in uterine flushings was greater on Day 9 of pregnancy for ewes treated with early P4, but values for glucose were not different on Day 12 despite greater abundance of both glucose transporters (SLC2A1 and SLC5A1) in endometria of P4-treated ewes on Day 12. This increase in total glucose and its transporters correlates exactly with the period of conceptus elongation during which spherical blastocysts of less than 1 mm change in morphology to tubular and elongated filamentous conceptuses that reach several centimeters in length. Gao et al. [23, 25] reported that recoverable glucose in uterine flushings increased continually between Days 10 and 16 of pregnancy, with the greatest increases observed after Day 12, as did the abundance of the glucose transporters SLC2A1 and SLC5A1 in the LE/sGE. Indeed, total catabolic turnover of glucose by the conceptus increases 29-fold between Days 13 and 15 of pregnancy, representing the period of conceptus elongation in sheep [45] .
The lack of an observed increase in glucose in uterine flushings on Day 12, despite an increase in glucose transporters and the previous observations by Gao et al. [25] , could result from a multitude of factors, including study-to-study variations resulting from the daily handling of sheep in the present study, collecting uterine fluids from the present study on Day 12 (which was 1 day before the greatest change observed by Gao et al. [25] ), or alterations in transporter activity.
Dynamic changes in total recoverable quantities of all amino acids except taurine in the uterine lumen of sheep in response to day of estrous cycle, pregnancy status, or interaction of day and status have been reported [25] . A number of amino acid transporters have also been identified in the ovine endometrium and localized in a cell-specific manner by in situ hybridization [23, 30] . Results of the present study using our model of accelerated conceptus development induced by early P4 extends those findings with respect to understanding potential roles for amino acids that may specifically support the elongating peri-implantation conceptus. In the present study, a number of amino acids increased in the uterine lumen of P4-treated ewes on Day 9, compared to control ewes, that included the basic amino acids arginine and lysine, which are transported predominantly by members of the family of cationic amino acid transporters (SLC7A family members) [28, 29] . Interestingly, SLC7A2B, which was shown to be P4-induced and IFNT-stimulated [30] , was not increased by early P4 on Day 9, suggesting that increased amounts of arginine in uterine flushings observed on Day 9 did not require an increase in abundance of SLC7A2B. It is possible that P4 influences the   FIG. 3 . Effects of CO, P4, or P4þRU on localization of endometrial SLC7A2B mRNA. A) Steady-state levels of SLC7A2B mRNA in endometria from ewes on Day 9 (study 3) and Day 12 (study 4) of pregnancy were determined by slot blot analysis. SLC7A2B mRNAs were not different (P . 0.10) between P4-and CO-treated ewes on Day 9; however, on Day 12, SLC7A2B mRNA levels were higher (*P ¼ 0.05) in endometria of P4-versus CO-treated ewes and were lower (**P , 0.005) in endometria from P4þRU-treated ewes compared to endometria from ewes receiving P4 alone. B) Results of in situ hybridization analysis to determine localization of SLC7A2B mRNA in endometria of ewes on Day 9 (study 3) and Day 12 (study 4) of pregnancy. S, stroma. All representative photomicrographs are shown at the same width of field (140 lm).
activity of the SLC7A2B transporter to increase the amounts of arginine and lysine in the uterine lumen. However, it is more likely that the increase in arginine and lysine as well as the global increase in other amino acids in uterine flushings on Day 9 were mediated by a reduction in tight junction complexes across the uterine epithelia to increase permeability and movement of amino acids from serum into the uterine lumen. We have reported previously that administration of early P4 decreases both tight junction-and adherens junctionassociated proteins on Day 9, which presumably would result in increased paracellular trafficking of stromal-and serumderived molecules, including amino acids [16] . The modest increase in amino acids in pregnant ewes on Day 9 is consistent with this concept, because a robust increase in these amino acids in the uterine lumen would require increased activity of appropriate amino acid transporters. This was the case on Day 12 of pregnancy, when increases of arginine and lysine in the uterine lumen of early P4-treated ewes were associated with increased abundance of the basic amino acid transporter SLC7A2B on Day 12, but not Day 9, of pregnancy. Because membrane permeability remains high on Day 12 of pregnancy, concentrations of the majority of amino acids in the uterine lumen may reach equilibrium with the adjacent endometrium and, therefore, remain constant except for arginine and lysine, which would be preferentially transported into the uterine lumen by their cationic transporter, SLC7A2B. Furthermore, analyses of maternal serum amino acids showed no effect of early P4 treatment on circulating amino acid concentrations, suggesting that increases in arginine and lysine were not simply a result of higher circulating levels. Secondarily, concentrations of amino acids in maternal serum ranged from ninefold greater (arginine) to 10-fold lower (glycine) when compared to concentrations in uterine luminal fluid (based on an estimated 1-ml volume of fluid in the uterine lumen during this time) (Bazer, unpublished observation), indicating that an increase in uterine blood flow could not account for the changes observed in response to early P4 and that amino acid transporters likely play a critical role in establishing the uterine milieu.
The reduction in levels of citrulline in uterine flushings of P4-treated ewes on Day 12 is also noteworthy. Citrulline is a precursor for the synthesis of arginine by argininosuccinate synthase and argininosuccinate lyase. Interestingly, argininosuccinate lyase was upregulated in the endometrium of ewes on Day 12 versus Day 9 of pregnancy (Satterfield and Spencer, unpublished data). Similarly, fumarate hydratase, another factor involved in the conversion of citrulline to arginine, was the most highly upregulated gene from Day 9 to Day 12 of pregnancy by microarray and, potentially, drives a recycling mechanism ensuring active conversion of citrulline to arginine. These findings provide a possible mechanism for the observed increase in arginine and the concomitant decrease in citrulline in uterine flushings on Day 12.
The functional roles of amino acids in supporting conceptus development and elongation have not been elucidated because of the current inability to recapitulate the process of conceptus elongation in vitro. Nevertheless, our in vivo model of accelerated conceptus development demonstrates that only two amino acids, arginine and lysine, are preferentially increased in the uterine lumen during the transitional period from a spherical to a filamentous conceptus between Days 9 and 12 of pregnancy in response to early P4. For mouse embryos, lysine is used for the synthesis of protein, but whether lysine is oxidized or converted to carnitine, a substance needed for transport of long-chain fatty acids from the cytosol into mitochondria for oxidation [47] , is not known. Additionally, carnitine is a regulator of glucose oxidation [48, 49] and, at high concentrations, can have deleterious effects on development of early stage embryos [33, [50] [51] [52] .
The increase in total amounts of arginine in uterine flushings is intriguing given the multifaceted functions of arginine in other cell types, including synthesis of proteins, creatine, polyamines, nitric oxide, and activation of the MTORdependent cell signaling pathways [28, 53, 54] . Interestingly, all components necessary for MTOR signaling are present in the ovine conceptus and are stimulated by leucine and arginine in ovine trophectoderm cells in vitro (J. Kim, G. Wu, T.E. Spencer, and F.W. Bazer, unpublished results). Furthermore, inhibition of MTOR signaling reduced trophectoderm cell migration in response to insulin-like growth factor II, suggesting that MTOR signaling mediates a cellular process hypothesized to be involved in conceptus elongation [55] . Therefore, increases in available arginine during the periimplantation period of pregnancy likely act via the MTOR pathway to support conceptus elongation. The increase in available arginine is hypothesized to be driven by the observed increase of SLC7A3 mRNA in response to ovarian P4 and IFNT from the elongating conceptus, which likely results in an increased abundance of transporter protein.
It has yet to be determined if either P4 or IFNT acts to alter transporter activity as well as quantity. In pigs, maternal arginine supplementation increases litter size and litter weight at birth, indicating that arginine mediates critical events in conceptus growth and development that enhance fetal survival [31] . Results of the present study and other observations, coupled with the fact that most embryonic deaths occur during the peri-implantation period of development, highlight the potential for amino acids, such as arginine, to enhance conceptus development and reduce embryonic loss [56, 57] .
